Electromagnetic signals which propagate through strongly disturbed regions of the ionosphere can experience angular scattering, causing appreciable amplitude and phase scintillation and angle-ofarrival fluctuations. The performance of a space based radar (SBR) subject to degradation due to signal propagation through a highly disturbed ionospheric channel is considered here. Pertinent characteristics of the disturbed channel and the received radar signal are described. The effects of the propagation path are investigated and the differences between monostatic and bistatic operation are presented. Results are presented which show the effect of severe scintillation on the coherent target detection performance of an SBR. It is shown that coherent detection performance can be seriously degraded in a scintillation environment if scintillation effects are not considered in the radar design.
It is well known that electron density irregularities in the ionosphere can produce random variations in the amplitude and phase of a propagating wave, even at frequencies in the gigahertz range [1] [2] [3] [4] . These rapid variations in signal amplitude, phase, and angle of arrival are called scintillations and are often observed over satellite communications links through the ambient ionosphere at VHF and UHF. Strong scintillation is occasionally observed at frequencies as high as L band. Since even small fluctuations in received power can cause degraded system performance, the effect of scintillation must be considered in the design of a space based radar (SBR) which must operate through an ionospheric channel.
The likelihood of encountering intense scintillation effects depends on the nature and severity of the ionospheric disturbances. Intense signal scintillation is frequently observed in the equatorial and auroral regions of the natural ionosphere, particularly at VHF and the lower UHF frequency bands [1] [2] [3] [4] [5] [6] . Many experiments have been performed to determine the statistical description of the fluctuations and many different probability density functions have been successfully used to describe the results of these experiments [7] . It has been found that intense scintillation is, at worst, characterized by a Rayleigh probability distribution [8] for the received signal amplitude after propagation over one transionospheric path.
Rayleigh amplitude scintillation is much more likely to occur if the ionosphere is more highly disturbed, as, for example, by high altitude nuclear explosions [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] or by chemical releases [19] [20] . Increased electron concentrations and the irregular structure of the ionization can lead to intense Rayleigh signal scintillation at frequencies as high as the 7-8 GHz superhigh frequency (SHF) band [21] . Consequently, the effects of scintillation are important to any UHF or SHF radar system that must operate through an ionospheric channel and that may have to operate in highly disturbed environments.
In this paper the pertinent features of the ionospheric propagation environment are discussed and the resulting characteristics of propagating signals are presented. These disturbed signals are then applied as the input signal to a generic SBR and the resulting coherent radar detection performance is evaluated. The detection performance in a scintillation environment of an SBR that utilizes coherent processing within a dwell and the noncoherent integration of the amplitudes from multiple dwells within a scan will be discussed in a subsequent paper.
IONIZATION IRREGULARITY DESCRIPTION
Intense ionospheric irregularities occur in a region centered on the geomagnetic equator [see 22 and 23 and the references therein]. Irregularities also occur in the polar regions [4] but these are generally insufficient to produce amplitude scintillation at gigahertz frequencies. The equatorial scintillation band typically extends from about 200 geomagnetic south to 20°geomagnetic north. It is widest over the Atlantic and Africa reaching a total width of about 500. The severest irregularities occur in the regions of greatest width. Since only a limited amount of data is reflected in the observed longitudinal dependence of irregularities, the results above are somewhat tentative. Other important factors which probably determine the longitudinal dependence include season and solar activity, but the data are yet too sparse to make any generalizations. Although irregularities can occur anytime between sunset and sunrise, the most likely time of occurrence of intense scintillation is local midnight plus or minus 2 h.
The mechanisms accounting for ionospheric irregularities at the magnetic equator have been the topic of lively debate for several years and are summarized in a recent review [241. Although the problem is not yet completely solved, there is an emerging view that the source of the larger scintillation producing irregularities or spread-F is a collisional Rayleigh-Taylor instability [25, 26] . This mechanism appears to explain much of the large scale structural features of the nighttime ionosphere.
Although other forms have been observed, the power spectral density of the electron density fluctuations is well represented by a power-law form with an approximate K-2 dependence in one dimension transverse to the magnetic field direction with an outer scale size of about 1 to 30 km [22, 27, 28] . Irregularity structure that causes strong scintillation in both natural and disturbed ionospheres generally exists as a thick layer or layers having electron density fluctuation on the order of 50-100 percent [29] . Irregularity descriptions applicable to ambient ionospheric scintillation also apply to the case of high altitude explosions and barium releases with the exception that the latter cases involve much greater electron densities.
In ionospheric plasmas, electron density structure is produced by plasma instabilities which cause the ionization to break up into long filaments, or striations, aligned with the Earth's magnetic field lines [30] . Roughly speaking, one may describe striations as long sheets or rods of relatively high electron density imbedded in a background of lower electron density. Fig. I illustrates the geometry of the problem. Propagation of radar signals through a large striated region presents the problem of radio wave propagation through a thick medium composed of random fluctuations in the index of refraction. Ratcliffe [32] . More recently, phase screen propagation techniques have been used in the simulation of adaptive optical systems [33] and in the propagation of high energy laser beams subject to thermal blooming [34] . Both MPS calculations [21, 35] and theoretical calculations in the strong scatter regime [8] The quantities r1 (t), r2(t), and a on the right-hand side of (8) are rapidly varying relative to the other quantities. It is therefore convenient to rewrite the received power as (2) P(E4) = (2nar2)-1/2 exp(-Eq212r2). ( 3)
SIGNAL CHARACTERISTICS
The amplitude of the received voltage is r = (Ei2 + Eq2)112 (4) which has the well known Rayleigh probability density function p(r) = (r/or ) exp(-r2/2u2) (5) where the average received power is (r2) = (Ei2) + (Eq2) = 2cr2.
(6)
The resulting probability density function of the received power may be obtained from a transformation of the probability density function given by (5) with the result
where S = r2 is the received power and (S) is the average received power. Equation (7) is an exponential probability density function and describes the first order statistics of the received signal resulting after propagation of an initially constant signal on a one-way path through strongly turbulent ionization. This statistical description is very useful for the case of communication on a transionospheric path from a satellite to a ground station or vice versa. Now consider the effects of a fading environment on the signal received by an SBR. During a coherent dwell, the radar transmitter will transmit pulses with constant amplitude and phase. After propagating through a strongly turbulent layer, the pulse transmitted at time t will have suffered some amplitude and phase distortion. The peak power density (power per unit area) that is incident on the radar target is PTGTLTr2(t)/4rR2 where PT, GT, and LT are the peak power, antenna gain, and loss (less than unity) of the transmitter. The time varying, dimensionless quantity r, (t) represents the fractional amplitude distortion caused by the environment as the pulse travels a distance R1 along path 1 from the transmitter to the target. The target with a cross section u intercepts a fraction of this power and reflects PTGTLTr2(t)ul/4TrR' amount of power toward the receiver. Again this pulse suffers some amplitude and phase distortion as it travels a distance R2 along path 2 to the receiver. The peak power density that is incident on the receiving antenna is PTGTLTr2(t)r2(t)ul(41T) 2R2R2. The receiving antenna has a "cross section" of GR X2/4-a where GR is the antenna gain and the receiver has a processing loss LR SO that the received signal power is (oa) is the mean target cross section, and SO is the mean received power given by the radar range equation. The quantity S is then a dimensionless "power" which gives the fractional change in the received power due to propagation effects. In this form any mean power loss caused by the propagation environment can be included in the loss terms of SO and, therefore, (S) can be set to unity. Equation (9) serves the purpose of separating the mean propagation effects, the signal fluctuations due to scintillation, and the target cross section fluctuations. Now each effect may be dealt with independently.
Under bistatic operation the radar transmitter and receiver are both aboard separate satellites so that the radar signal propagates over two independent transionospheric paths. The received voltage then has the form ET(t)E (t)E2(t) where ET(t) is the received voltage from the target in the absence of fading and El (t) and E2(t) with amplitudes rl(t) and r2(t) respectively are the contributions to the received voltage from the two independent one-way propagation paths. In this case the received power from a non-fluctuating target includes the product of the powers r;(i = 1 or 2) resulting from each independent, one-way propagation path where Si = r7 is exponentially distributed. The probability density function of the product S = S,S2 of two independent exponential distributions is easily calculated [36] as
where (S) is again the mean received power and Ko is the modified Bessel function [37] . This result is somewhat difficult to understand since, intuitively, one would expect the effect of multiple propagation paths to be similar to the effect of an increase in the path length through the irregularities; if intuition were correct the power probability density function would remain exponential. However, this is not the case because the radar target only intercepts a portion of the propagating electromagnetic wave. In this example, the reflected signal has an exponential probability distribution function which is retransmitted once again through the ionized layer. Thus the received power, after two-way propagation through a strongly turbulent medium, is no longer an exponential variate.
For the case of monostatic SBR operation, the transmitter and receiver are colocated so that the signal propagates twice over the same path passing through identical irregularities. The received voltage for the monostatic case then has the form ET(t)E2(t) where ET(t) is defined above and E2(t) is the contribution due to propagation effects. The probability distribution function of the received power from a nonfluctuating target then may be obtained from (5) and (10) with the result P, (S) -(2S(S)) 12 exp[ (2S/(S)) I/2 (12) Equations (7), (1 1), and (12) give the probability density function for the signal power received after one-way, independent two-way, and identical path two-way (monostatic radar) transionospheric propagation through strongly turbulent ionization. These results only include the effect of the disturbed propagation channel and are independent of the target scattering statistics. It should be noted that these results apply only to worst case scintillation, where the one-way propagation path is characterized by Rayleigh voltage statistics. Many other statistical distributions are possible for the received radar signal which are less severe in their effects on SBR performance.
In order to determine the performance of an SBR it is necessary to obtain the statistics of the received signal power with the effects of the radar target included. Here we assume that the radar target cross section fluctuations are described by a Swerling 1 target model. The probability density function for the radar cross section is then given by p(o') = (cr) ' exp(-o/(.u)). (13) The probability density function of the received power including scintillation and cross section fluctuations is then given by [36] P(SR) SSO J X Pprop(X) exp[-SR/(XSO)]dx (14) where pprop(x) represents the effect of propagation through the ionized layer and is given by either (7), (I 1), or (12) with (5) set to unity.
The cumulative distribution function is very useful here since this function provides a ready means of assessing the probability of occurrence of deep fades which are detrimental to radar performnance. The cumulative distribution function is given by P(SR) = {prob received power ' SRI JSR =JP(SR) dS' ( 15) This function may be calculated for the consideration with the results three cases under (18) where the subscripts 1, b, and m refer to the one-way propagation path, the bistatic case, and the monostatic radar case, respectively. Ko and K, are the modified Bessel functions [37] .
In the absence of scintillation, the received power fluctuations are caused by variations in the target radar cross section alone and the cumulative probability distribution function of the received power is the integral of (13) Pnf (SR) -1 exp(-SR/SO) (19) where the subscript nf refers to the no propagation fading case. Fig. 2 is a plot on probability paper of the cumulative probability distributions for the four different situations 
Second Order Statistics
The above discussion fully describes the first order or amplitude fading statistics to be expected after propagation of a radar signal through strongly turbulent random ionization. The second order fading statistics are specified by the correlation function of the received complex voltage. In the quadratic phase structure-function approximation for strong turbulence, the correlation function corresponding to propagation a single time through the ionization is [38, 39] (20) is valid.
After one-way propagation through strong ionization, the real and imaginary parts of the received voltage are independent Gaussian random variables. At two different times, then, the real or in-phase part of the received signal has a joint Gaussian probability distribution [36] . 
([Ei(t+ T)-iEq(t+ T)]2[Ei(t) + iEq(t)]2) -So (E (t+ T) E2 (t) + E2(t + T) E2 (t) + 4Ej(t+T)Ei(t)Eq(t + T)Eq(t) -E (t)E2(t + T) -E (t+ T)E2(t))
where the imaginary part of B,,(T) is identically zero because Ei and Eq, have zero means and are independent and where (21) has been used to evaluate the real part of B,,(T). In this case, the decorrelation time of the received voltage is T0/V2 where Thl is the decorrelation time applicable to the one-way path through the irregularities. In both the monostatic and bistatic cases, it is apparent that the decorrelation time of the received radar signal is smaller than the decorrelation time of the one-way propagation path. In other words, the fading rate is greater for the SBR case as compared with the SATCOM case which involves only one-way propagation through ionized irregularities.
It has been shown for worst case, Rayleigh fading that the correlation function of the received voltage always has the form exp( -2/To2) for any of the three possible SBR cases. In the following the signal decorrelation time of the received electric field will be designated by the parameter To independent of the details of the various propagation paths. The actual value of T0 is, of course, a function of the propagation geometry and the individual path decorrelation times as shown above.
IV. RADAR SYSTEM CHARACTERISTICS
In this paper it is assumed that an SBR is required to operate through a disturbed ionospheric channel to detect and track targets near the Earth's surface. Thus, relative to a ground based radar with similar functions, an SBR has several limitations. First, targets are detected and tracked at very long ranges. Second, available on-board transmitter power is relatively low. Third, because of the large target ranges involved, large areas of the Earth's surface are illuminated with resultant large clutter returns, even with a very narrow antenna beamwidth.
The first two points imply low received signal-tonoise ratio per pulse and therefore require long integration times. However, the cross section of a moving target remains constant or coherent for only a few tens of milliseconds because of target motion and resulting constructive and destructive interference between many scattering centers. Hence, during a radar scan, the total energy transmitted at a target is divided into a number of dwells (also DANA & KNEPP: RADAR SCINTILLATION referred to as bursts). Each dwell consists of some number n of pulses which are coherently integrated. The detected amplitude of all the dwells which form the total radar target scan are then noncoherently combined in a postdetection integration process. tude, phase, and Doppler information from target, clutter, and thermal noise sources. The weighted discrete Fourier transform (DFT) simultaneously acts as a coherent integrator and as a clutter rejection filter. After the amplitude from a single dwell is obtained from the amplitude detector, the radar frequency may be changed and several more dwells transmitted at different frequencies. This process allows for reception of independent returns from the target. Any number of these independent samples may then be noncoherently combined and the resulting amplitude compared with a threshold, and a "hit" or "miss" declared. In this paper it is assumed that there is no noncoherent combining of power since that process is not fundamental to the calculation of the effects of scintillation on the coherent SBR processing. A subsequent paper will address the effects of scintillation on the noncoherent integration process.
V. PROBABILITY OF DETECTION
Since an SBR will be required to operate over a wide range of fading rates relative to the coherent processing time, a distinction can be made between slow and fast fading that is an invaluable aid to understanding the effects of scintillation on receiver performance.
In slow fading conditions, the duration of signal fluctuations is very long compared with the coherent processing (or dwell) time. Hence the signal amplitude and phase are relatively constant over the receiver coherent integration time which, in the receiver model of Fig. 3 , is the time to integrate n pulses. In this case only dwell-todwell or scan-to-scan signal amplitude fluctuations affect SBR target detection performance. It follows that the effect of slow fading on target detection performance may be determined solely on the basis of the first order signal amplitude statistics expressed by (16)- (18) .
In fast fading conditions, the signal decorrelation time is less than the SBR coherent integration time and the effectiveness of coherent processing is reduced. Equivalently, during rapid fading the signal bandwidth is spread beyond the receiver bandwidth so that signal energy is lost. For example, during the coherent integration of n received pulses, fast fading would cause the signal amplitude and phase to vary pulse to pulse with resulting loss of gain in the coherent summation.
Slow Fading
The effects of slow fading on SBR target detection performance are considered first. The simplified block diagram of Fig. 4 shows the details of the coherent integration processor in the absence of a clutter-rejection filter. 
The previous calculations are based on the assumption that the target amplitude a is constant and that the total target power is a2 per pulse. Now consider the effect of target cross section fluctuations while, for the moment, allowing no fluctuations due to the turbulent propagation environment. Thus assume that S, the propagation contribution to the power as given by (9), is constant. If the target cross section has a Swerling 1 distribution, as given by (13) , the target amplitude probability density function is then p(aIS) = 2a exp(-a2/SSO)/SSO (31 for a fixed value of S. Now it is not difficult to calculate the probability density function for the envelope w p(wIS) -fp(wla)p(a|S)da (32 or simply p(W IS) =fnuN2(l + nSSo/2uN2) L 2nUN2(l +nSSOI2UN2)l (33 After detection the signal amplitude is compared with a threshold value and a hit or miss is declared. The threshold value is set on the basis of the noise alone to achieve a desired probability of a false alarm Pf,. The probability of false alarm is given by ox Pfa fp(wfSo=O)div = exp( -t212nUN2). (34) The probability that the signal will be detected for a given value of S is the same as the probability that the signal amplitude w will exceed the threshold. Therefore oc Pd(S)= p(wlS)dw = Pfa(+eSNR)S) I (35) where (SNR) = nSO/2uN2 is the mean signal-to-noise ratio per dwell. Equation (35) gives the well known relationship between false alarm probability and probability of detection for a Swerling 1 target with mean power SO for a fixed propagation condition or a fixed value of S.
To obtain the probability of detection for the case of a Swerling 1 target combined with propagation through strongly turbulent ionization, it is convenient to calculate the probability of detection according to (35) for a given value of power S and then to average over the distribution of power. The probability of detection is then written as Pd PJ Pfa ) Pprop (S) dS (36) where Pprop(S) is the power distribution after single or multiple transionospheric propagation and is given by (7), (11) , or (12), whichever is appropriate to the actual geometry, with (S) set equal to unity.
The average probability of detection for a Swerling 1 target with no scintillation and with one-way, bistatic, and monostatic scintillation geometries is shown in Fig. 5 for a false alarm probability Pfa of 10-6, typical of a modem search radar. For the one-way, bistatic, and monostatic scintillation geometries the results are obtained using numerical integration techniques. For the Swerling 1 target with no scintillation, (35) is plotted with S= 1. As was to be expected from the cumulative probability distri- bution statistics, the monostatic case has the greatest detection sensitivity loss and the bistatic case has somewhat less loss. Relative to the optimum detection curve with no propagation fading, at a 0.7 probability of detection value, the detection sensitivity losses are 4 dB with oneway fading, 7 dB with bistatic fading, and 11 dB with monostatic fading. Thus it appears that, during severe slow fading, a gain of 4 dB is possible by using bistatic operation instead of monostatic operation. This conclusion is only valid during slow fading conditions and is derived on the basis of an equal signal-to-noise ratio per dwell into the receiver. The 4 dB difference in detection sensitivity may not be realizable when the differences in monostatic and bistatic geometry and radar cross section are taken into account. Fast Fading Under fast fading conditions, the signal decorrelation time T0 is small with respect to the coherent integration time so that the coherent integration process experiences a loss relative to its performance under slow fading conditions. This loss is caused by the destructive interference of radar pulses which are uncorrelated in amplitude and phase with preceding and following pulses during the integration time. Thus fast fading causes additional loss in detection sensitivity beyond that imposed by amplitude fluctuations during slow fading conditions.
Under fast fading conditions, the received I and Q voltages at the input to the coherent integrator are functions of time which may be written in complex notation as ER(t) = Ei(t) + iEq(t) (37) where Ei(t) is the I channel signal voltage and Eq(t) is the Q channel signal voltage. At the output of the coherent integrator the complex voltage is obtained from (27) and (28) (38) where T is the interpulse period. The average power at the output is then a function of the decorrelation time
where the complex electric field correlation function is obtained from (21) for all the propagation conditions of interest. In the slow fading limit, when the signal remains constant during the coherent integration time, To is large so that P(T0) becomes n2S0. The coherent integration loss may then be defined as Lci = P(T(F-->0C)/P(r0) (40) which is a measure of the loss caused by decorrelation during the coherent integration of n pulses. Lci is easily calculated from (39) and (40) 
1 + (21n) , (n-1) exp-12T2/T112)
For very fast fading conditions where T0 is much less than the coherent integration time nT, Lci has its maximum value of n. For very slow fading conditions, Lci approaches unity as To >> nT. In the former case the target signal is completely decorrelated from pulse to pulse, and the target signal integrates in the same manner as noise so that the signal-to-noise ratio at the integration output is equal to the signal-to-noise ratio at the input. It is assumed that T0 is still much greater than the pulsewidth so that the power in a single pulse is not affected by loss of coherency. gration time nT and n, the number of pulses coherently integrated, is taken as 400. The coherent integration loss exceeds 3 dB for To/Tj < 0. To compute the probability of detection, many independent realizations of the received quadrature voltages are generated; each realization is then numerically integrated according to (38) and a pseudorandom sample of the integrated noise voltage is added. At this point the integrated voltages are amplitude detected. This signal-plusnoise output amplitude is then compared with the threshold and a hit or a miss is declared. The detection process is repeated many times to obtain probability of detection statistics as a function of signal decorrelation time.
Figs. 7 and 8 show the results for probability of detection versus the mean signal-to-noise ratio nSO/2crN2 in MEAN' SNR (cLB/D WELL) For bistatic operation Fig. 7 shows that fast fading causes considerable additional loss in detection sensitivity. For a value of about 0.02 for the ratio of signal decorrelation time to SBR coherent integration time, the additional loss is about 12 dB relative to the slow fading (To--) limit at a Pd value of 0.7. As the decorrelation time increases to approach the coherent integration time, the Pd values approach the slow fading limit as expected.
The curve for a value of To/Tci of 0.71 is very close to the theoretical slow fading results.
For monostatic operation, Fig. 8 shows essentially the same type of additional degradation during fast fading as shown in Fig. 7 
VI. CONCLUSIONS
It is apparent that severe fading has a dramatic effect on the target detection performance of an SBR. For slow fading, when there is no degradation to the SBR coherent integration process, the losses in detection sensitivity are 7 dB for bistatic operation and 11 dB for monostatic operation. Thus bistatic operation may be a possible design alternative to reduce the loss incurred under slow fading conditions. For fast fading, severe degradation occurs when the signal decorrelation time becomes smaller than the SBR coherent integration time. A design alternative useful for fast fading might involve adaptively changing the dwell duration so that the SBR coherent integration time does not exceed the signal decorrelation time. Both suggested mitigation techniques will affect other aspects of SBR performance and require further investigation in the context of the complete SBR system. A t 
